Abstract Clinical evidence indicates that high periostin expression correlates with aggressive phenotype in thyroid carcinoma. However, the biological roles of periostin in thyroid carcinoma development and progression are still unclear. In this study, we explored the effects of periostin silencing on thyroid carcinoma cell growth, invasion, and tumorigenesis. We also studied the impact of periostin on the activation of phosphoinositide 3-kinase (PI3-K)/Akt signaling, which is involved in the pathogenesis of thyroid carcinoma. It was found that downregulation of periostin significantly inhibited the proliferation, colony formation, and invasion in both FTC-133 and BCPAP thyroid carcinoma cells. In vivo tumorigenic studies confirmed that periostin depletion retarded the growth of subcutaneous FTC-133 xenograft tumors, which was coupled with a significant decline in the percentage of Ki-67-positive proliferating cells.
Introduction
Thyroid carcinoma is one of the most frequently detected endocrine neoplasms (Cha and Koo 2016) . Although the majority of patients with thyroid carcinoma have a good prognosis after curative resection, some patients (10-15%) have a poor outcome due to early relapse and distant metastasis (Eng et al. 2016; Lim et al. 2016) . Thyroid stimulating hormone (TSH) receptor (TSHR) is a member of the G protein-coupled receptor superfamily and acts as a key regulator of thyrocyte growth and function (Kleinau et al. 2017 ).
Ligation of TSHR by its endogenous ligand TSH contributes to thyroid hormone synthesis and secretion (Davies et al. 2010) . TSHR is expressed in both benign and malignant thyrocytes and plays an oncogenic role in thyroid carcinoma (Rowe et al. 2017) . It has been reported that TSH enhances cell proliferation in papillary thyroid cancer through TSHR/cAMP/PKA/ PAK4 signaling (Xie et al. 2017) . Several signaling pathways including phosphoinositide 3-kinase (PI3-K)/Akt signaling have been identified to be involved in the pathogenesis of thyroid carcinoma (Nozhat and Hedayati 2016; Hong et al. 2016 ). Activation of PI3-K/Akt signaling contributes to interleukin-11-induced epithelial-mesenchymal transition and invasion in anaplastic thyroid carcinoma cells (Zhong et al. 2016) . Therefore, the PI3-K/Akt pathway represents an important target for the treatment of thyroid carcinoma.
Periostin is an extracellular matrix protein that plays a pivotal role in bone development, tissue remodeling and repair, and tumorigenesis (Silvers et al. 2016 ). This gene is aberrantly expressed in numerous cancer types, such as colorectal carcinoma , head and neck cancer (Qin et al. 2016) , and breast cancer (Nuzzo et al. 2016) . Induction of periostin expression has been linked to aggressive phenotypes of tumor cells Qin et al. 2016) . For instance, periostin secreted by glioblastoma stem cells has been reported to recruit tumor-associated macrophages and enhances malignant growth (Zhou et al. 2015) . A previous study has documented that periostin is upregulated in papillary thyroid carcinoma and positively correlates with extrathyroidal invasion, distant metastasis, and higher grade staging (Puppin et al. 2008) . Another study also demonstrates that upregulation of periostin is significantly associated with extrathyroid invasion, pT and lymph node metastasis in papillary thyroid carcinoma (Bai et al. 2009 ). Despite these clinical findings, the biological roles of periostin in thyroid carcinoma development and progression are still unknown.
In this work, we examined the functions of periostin in thyroid carcinoma cell growth, invasion, and tumorigensis. We also checked the impact of periostin on the activation of PI-3 K/Akt signaling.
Materials and methods

Cell culture
Human thyroid carcinoma cell lines (FTC-133, BCPAP, and TPC1) were obtained from the Shanghai Institute for Biological Sciences, Chinese Academy of Science (Shanghai, China) and SW579 cells from American Type Culture Collection (ATCC, Manassas, VA, USA). Nthy-ori 3-1 human thyroid epithelial cells were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS; Sigma-Aldrich) in a humidified incubator at 37°C with 5% CO 2 . For inhibitor experiments, FTC-133 cells were treated with GSK690693 (5 lM; Selleck Chemicals, Houston, TX, USA) for 6, 12, and 24 h and tested for TSHR expression.
Plasmids and transfections
A plasmid expressing periostin-targeting small hairpin RNA (p-shRNA) (sc-61324-SH) or negative control shRNA (c-shRNA) (sc-108060) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The shRNA expressing plasmids contain the puromycin resistance gene. A plasmid expressing a constitutively active isoform of Akt (Kohn et al. 1996) was obtained from Addgene (Cambridge, MA, USA). A fragment containing the entire open reading frame of TSHR gene was amplified by PCR using human TSHR cDNA (OriGene, Rockville, MD, USA) as a template. The PCR product was purified and inserted into pcDNA3.1(?) vector.
Cells were incubated overnight after plating and transfected with the indicated plasmids using FuGENE 6 Transfection Reagent (Roche Applied Sciences, Mannheim, Germany) as per the manufacturer's instructions. Twenty-four hours after transient transfection, cells were harvested and examined for gene expression, cell viability, and invasion. To obtain stable periostin knockdown subcell lines, FTC-133 and BCPAP cells transfected with periostin-targeting or control shRNA were selected for 7 days in media containing 2 lg/ml puromycin (Sigma-Aldrich).
Quantitative real-time PCR (qRT-PCR) analysis Cellular RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was reverse transcribed using the Reverse Transcription System Kit (Promega Corporation, Madison, WI, USA). qRT-PCR was performed using the following primers (Naik et al. 2012 ): periostin forward, 5 0 -GCGCTTTAGCACCTTCCT-3 0 and reverse, 5 0 -GCACAAATAATGTCCAGTCTCC-3 0 ; GAPDH forward 5 0 -CGACCACTTTGTCAAGCTCA-3 0 and reverse, 5 0 -AGGGGTCTACATGGCAACTG-3 0 . The relative periostin mRNA level was calculated after normalization to that of GAPDH mRNA.
MTT assay
Cells were seeded onto 96-well culture plates (6 9 10 3 cells/well) and cultured for 3 or 5 days. The viability of cells was measured using 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. Cells were incubated with MTT solution (Sigma-Aldrich; 0.5 mg/ml) for 4 h at 37°C. Dimethyl sulfoxide was added to each well to dissolve the formazan crystals. Absorbance was recorded at 570 nm.
Colony formation assay
Cells were seeded onto 6-well plates (600 cells/well) and allowed to grow for 14 days. Wells were stained with 0.5% crystal violet (Sigma-Aldrich). Colonies consisting of 50 cells or more were counted.
Tumorigenic studies in mice
In vivo tumorigenic studies were performed as described previously (Miao et al. 2016) . FTC-133 cells stably expressing periostin or control shRNA (5 9 10 6 cells/mouse) were inoculated subcutaneously into the flank of 5-week old male athymic nude mice (5 mice for each group). Tumor size was calculated weekly for 5 weeks and growth curves were plotted. After the last measurement, mice were sacrificed and their xenograft tumors were resected, weighed, and photographed. Tumor samples were processed for immunohistochemistry using anti-Ki-67 antibody (ab15580, Abcam, Cambridge, MA, USA; 1:300 dilution) to evaluate cell proliferation. The percentage of Ki-67-positive cells was determined in 5 microscopic fields for each section (3 sections from each mouse) (Mainetti et al. 2013 ).
Transwell invasion assay
Cell invasion assay was performed using Transwell chambers (pore size: 8 lM) that were precoated with Matrigel. Cells were plated into the upper chamber of 24-well plates (2 9 10 4 cells/well). The lower chamber was filled with DMEM containing 10% FBS. Following 24-h incubation, cells on the upper side of the inserts were removed. The cells that invaded through Matrigel were fixed and stained with crystal violet and counted.
Western blot analysis
Cell lysates were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes using standard protocols. After blocking non-specific binding sites, the membranes were incubated with the following primary antibodies: anti-periostin (ab14041, Abcam; 1:500 dilution), anti-TSHR (ab202960, Abcam; 1:200 dilution), anti-Akt (#9272, Cell Signaling Technology, Danvers, MA, USA; 1:1000 dilution), anti-phosphoAkt (#9271, Cell Signaling Technology; 1:200 dilution), and anti-b-actin (#4967, Cell Signaling Technology; 1:2000 dilution). Horseradish peroxidaseconjugated IgG (Sigma-Aldrich; 1:5000 dilution) was used as secondary antibodies. Protein signals were developed with the ECL chemiluminescence detection kit (Amersham Biosciences, Little Chalfont, UK) and quantified by densitometry using Quantity One (Bio-Rad Laboratories, Hercules, CA, USA).
Statistical analysis
Data are expressed as mean ± standard deviation and were analyzed using the Student's t test or one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. P values lower than 0.05 were considered significant.
Results
Knockdown of periostin inhibits cell proliferation and colony formation in vitro
It has been documented that periostin is upregulated in thyroid carcinoma tissues compared to normal thyroid tissues (Puppin et al. 2008) . Consistently, we found that periostin was expressed at higher levels in thyroid carcinoma cell lines, especially FTC-133 and BCPAP, than in Nthy-ori 3-1 thyroid epithelial cells (P \ 0.05; Fig. 1a) .
To explore the biological function of periostin in thyroid carcinoma, shRNA-mediated knockdown of periostin was performed in 2 thyroid carcinoma cell lines (FTC-133 and BCPAP) with relatively high levels of endogenous periostin. Western blot analysis confirmed the downregulation of periostin after transfection with periostin shRNA (Fig. 1b) . After culturing for 3 and 5 days, periostin-depleted FTC-133 and BCPAP cells showed a significant reduction of proliferation in comparison with control shRNAtransfected cells (P \ 0.05; Fig. 1c) . Colony formation assay further demonstrated that FTC-133 and BCPAP cells with downregulation of periostin formed significantly fewer colonies than control cells 14 days after low-density plating (Fig. 1d) . Periostin silencing retards xenograft tumor growth in vivo Next, we explored whether downregulation of periostin impairs thyroid carcinoma development. To this end, FTC-133 cells stably expressing periostin or control shRNA were inoculated subcutaneously into nude mice and gave rise to xenograft tumors. Downregulation of periostin dramatically retarded the formation of subcutaneous tumors compared to the control group (Fig. 2a) . Final tumor weight in the periostin downregulation group was 2.5-fold lower than that in the control group (P \ 0.05; Fig. 2b) . Moreover, immunostaining for the proliferation marker Ki-67 confirmed the lower proliferation capacity of periostin-depleted FTC-133 cells in vivo (Fig. 2c) .
Periostin knockdown reduces invasion of thyroid carcinoma cells
Next, we assessed the effect of periostin knockdown on the invasiveness of thyroid carcinoma cells.
Matrigel invasion assay demonstrated that delivery of periostin shRNA led to 42% reduction of invasion in FTC-133 cells after incubation for 24 h, compared to delivery of control shRNA (P \ 0.05; Fig. 3a) . Similarly, downregulation of periostin significantly decreased the invasive capacity of BCPAP cells by 57% (Fig. 3b) . However, the viability of FTC-133 and BCPAP cells was not altered 24 h after transfection with periostin shRNA (Fig. 3c) .
Periostin induces TSHR expression through the Akt pathway
Western blot analysis revealed that periostin knockdown led to a 3-5-fold reduction of TSHR expression in FTC-133 and BCPAP cells (Fig. 4a) . Moreover, periostin silencing was associated with an inhibition of Akt phosphorylation on Ser473 in thyroid carcinoma cells (Fig. 4a) . To check whether periostin regulates the expression of TSHR via activation of Akt signaling, we co-expressed constitutively active Akt in FTC-133 cells with stable downregulation of periostin. As expected, overexpression of constitutively active Akt restored TSHR expression in periostin-depleted FTC-133 cells (Fig. 4b) . In addition, we also evaluated the effect of inhibition of Akt on the expression of TSHR. As illustrated in Fig. 4c , treatment with an Akt inhibitor GSK690693 led to a marked reduction of TSHR expression.
The Akt/TSHR signaling is involved in periostinmediated aggressiveness To clarify the mechanism by which periostin regulates the aggressive phenotype of thyroid carcinoma cells, we performed rescue experiments with overexpression of TSHR. Re-expression of TSHR in periostindepleted FTC-133 cells was confirmed by Western blot analysis (Fig. 5a) . Notably, enforced expression of TSHR restored cell proliferation (Fig. 5b) and invasion ( Fig. 5c ) in FTC-133 cells with stable downregulation of periostin. In addition, overexpression of constitutively active Akt elicited similar effects on FTC-133 cells with periostin depletion (Fig. 5d) .
Discussion
Aberrant expression of periostin is noted in a broad range of cancer types Qin et al. 2016; Nuzzo et al. 2016) , suggesting its importance in tumor development and progression. In papillary thyroid carcinoma high expression of periostin is significantly associated with aggressive parameters including extrathyroidal invasion, distant metastasis, and advanced grade staging (Puppin et al. 2008) . Moreover, there is a negative correlation between periostin and expression of differentiation markers in papillary thyroid carcinoma (Puppin et al. 2008) . In line with the clinical findings, we showed that thyroid carcinoma cells had significantly greater levels of periostin than non-malignant thyroid epithelial cells. The upregulation of periostin may contribute to the aggressive behaviors of cancerous epithelial cells of thyroid carcinoma. Loss-of-function experiments indicated that depletion of periostin significantly suppressed the proliferation and colony formation of FTC-133 and BCPAP cells in vitro and tumorigenesis in vivo. These data underscore the requirement of periostin for thyroid carcinoma growth and also provide a biological explanation for the upregulation of periostin in thyroid carcinoma tissues. Apart from reduction of proliferation, periostindepleted thyroid carcinoma cells displayed a significant decline in invasion as determined by Transwell invasion assay. This result is consistent with the clinical association between periostin expression and extrathyroidal invasion in thyroid carcinoma (Puppin et al. 2008) . Several previous studies also reported the pro-invasive activity of periostin in different cancer types (Qin et al. 2016; Landré et al. 2016 ). For instance, it was found that overexpression of periostin can rescue the invasive phenotype of glioblastoma cells with knockdown of endogenous p73 (Landré et al. 2016) . Conversely, silencing of periostin led to an impairment of breast cancer cell motility and invasion (Ishiba et al. 2014) . Therefore, periostin is a key player in mediating thyroid carcinoma progression.
Mechanistically, we found that periostin knockdown significantly suppressed the expression of TSHR in thyroid carcinoma cells. Moreover, inhibition of Akt activation abrogated the induction of TSHR expression by periostin, indicating the involvement of Akt signaling in periostin-induced TSHR expression. Periostin has shown the ability to regulate Akt signaling in different cellular contexts (Xu et al. 2015; Xiao et al. 2015) . Activation of Akt signaling through induction of integrin-linked kinase 1 is involved in the promotion of endometrial stromal cell migration, invasion, and adhesion by periostin (Xu et al. 2015) . Periostin renders colon cancer cells more resistant to chemotherapeutic agents through activation of the PI3 K/Akt/survivin pathway (Xiao et al. 2015) . The Akt pathway plays a critical role in thyroid carcinoma progression (Nozhat and Hedayati 2016) . Silencing of integrin-linked kinase leads to inhibition of Akt phosphorylation in thyroid carcinoma cells, consequently impeding cell migration (Shirley et al. 2016 ). Activation of PI3 K/Akt signaling is responsible for thyroid carcinoma cell growth and migration evoked by HPIP, a co-repressor for pre-B cell leukemia transcription factor . TSHR also participates in tumorigenesis of thyroid carcinoma cells (Zheng et al. 2016; Patel et al. 2014) . BRAFactivated long noncoding RNA suppresses papillary thyroid carcinoma cell proliferation by downregulating TSHR expression (Zheng et al. 2016) . These studies, combined with our data suggest that periostinmediated aggressiveness is ascribed to activation of Akt signaling and upregulation of TSHR. In support of this hypothesis, enforced expression of TSHR rescued aggressive phenotype in periostin-depleted thyroid carcinoma cells, as evidenced by increased cell proliferation and invasion. However, it is still unclear to what extent the regulation of thyroid carcinoma growth and invasion by periostin is dependent on the Akt/TSHR pathway.
In conclusion, we provide direct evidence that periostin is required for growth, invasion, and tumorigenesis of thyroid carcinoma cells. The Akt/TSHR axis is involved in periostin-mediated aggressiveness 
